This survey was conducted to analyze particle-associated atmospheric polycyclic aromatic hydrocarbons (PAHs) at a rural site (Kamihaya) in Tanabe Trajectory analyses suggest that PAHs produced domestically have a greater impact on Kamihaya than those transported from other countries. Molecular diagnostic ratios and principal component analysis showed that atmospheric PAHs primarily arose from industrial and traffic emissions, while wood combustion appeared to be a minor source. Overall, the results of this study suggest that atmospheric PAHs in Kamihaya present a potential threat to the underlying vegetation and may cause damage to plants if combined with other air pollutants.
gations have shown the effects of PAHs on plants (Oguntimehin et al., 2010a (Oguntimehin et al., , 2013 . These studies indicated that PAHs could have chronic and accumulative effects on plants, leading to their becoming more vulnerable to a wide range of diseases, pests, and fungal infections (Oguntimehin et al., 2013) . Even if the concentration of individual PAH in the atmosphere is low, they have the potential to cause increased phytotoxicity when present in combination with total PAHs and/or other chemicals (Oguntimehin et al., 2010a, b) . For example, ozone was found to have an adverse effect on Japanese pine (Oguntimehin and Sakugawa, 2009 ) and cherry tomato (Oguntimehin et al., 2010b) in a chamber experiment in which it was administered at 120 ppb in combination with 10 mM fluoranthene (Flt) for 34 days, suggesting that Flt exacerbates the negative effects of ozone. Similarly, increased phytotoxicity was reported in response to the application of Flt in conjugation with acid mist (Oguntimehin et al., 2013) . Plant damage caused by pollutants such as ozone and acid mist, even at low concentrations, increases in the presence of a single PAH, which suggests that this damage could further increase in the presence of many PAHs or other air pollutants.
After the Fukushima nuclear accident in 2011, a conventional power generation plant (Gobo) that uses heavy oil as fuel was reactivated close (23 km) to our study area. About 20 years ago there was a large die-off of Japanese apricot plants in the area, which was suspected to be in response to air pollution from the nearest power genera-
INTRODUCTION
Atmospheric contamination by polycyclic aromatic hydrocarbons (PAHs) is primarily a result of petrogenic and pyrogenic sources (Tham et al., 2008) . PAHs are of special concern owing to their ubiquitous distribution, persistence in environmental matrices, toxicity, and carcinogenicity (Wiriya et al., 2013) . Low molecular weight PAHs occur in air as a vapor phase, whereas heavier ones are mostly associated with the particle phase (Teixeira et al., 2012) . Particulate PAHs deposited in lungs exert negative impacts on human health and may lead to cancer (Wiriya et al., 2013) . Accordingly, investigations of the occurrence of particulate PAHs in the atmosphere have been conducted for decades (Ohura et al., 2004; Fang et al., 2006; Tham et al., 2007 Tham et al., , 2008 Jang et al., 2013; Chen et al., 2014; Wei et al., 2014) .
Most studies of particle-bound PAHs have been carried out in urban and industrial areas and focused on human health. However, there is a need to evaluate the distribution of PAHs, as well as their origin and seasonality in rural areas, especially as they relate to vegetation. PAHs at rural sites might have originated from nearby cities and industrial facilities, or been carried by long-range atmospheric transport (Ding et al., 2007) . Some recent investi-tion plant and other industrial sources of pollution ( Fig.  1 ) (JA Kinan, 2014) . As Tanabe is the hub of Japanese apricot plants, there is an urgent need to investigate the level of air pollutants and their sources in this area. Therefore, this study was conducted to evaluate the PAHs concentration in the ambient air of the study area and identify potential sources of PAHs. The results presented herein will facilitate further study of the relationship between PAHs pollution and crops, fruits, vegetables and other natural vegetation.
MATERIALS AND METHODS

Sampling site
Sampling was conducted in Kamihaya Village, situated north (10 km aerial distance) of Tanabe in Wakayama Prefecture, Japan. Our monitoring site was located at 33∞82¢ N, 135∞40¢ E, at 240 m a.s.l. (Fig. 2) . The area is characterized by Japanese apricot farmland and agricultural activities. In 2005, 24 hectares of mountain land were cleared and leveled into terraces to prepare a site for Japanese apricot farmland in Kamihaya, which resulted in Tanabe becoming a leading producer of Japanese apricot. Kamihaya has a humid climate with hot summers and cool winters and is characterized by a large amount of rainfall, particularly during summer. The average annual temperature was 14.5∞C for 1981-2010, while the average annual rainfall was 1,470 mm from 1975-2000 (Yoon et al., 2006) .
Suspended particulate matter air collection
A total of 33 suspended particulate matter (SPM) air samples were collected from the Japanese apricot field at Kamihaya from August 2012 to March 2013. Specifically, 24-hour SPM air samples were collected once a week on Wednesday beginning at 8:30 A.M. local time using a cyclone equipped high volume air sampler (121-FT, Kimoto Electric Co. Japan) with a calibrated flow rate of 1,624 m 3 day -1 . The high volume air sampler provided by the cyclone system allowed removal of particles with a diameter >10 mm. Samples were collected on quartz fiber filters (QR-100, 203 ¥ 254 mm, Advantec) that had been preheated at 450∞C for 4 hours. These filters were equilibrated in a desiccator at room temperature within 48 hours and weighed before and after sampling using a sensitive semi-micro balance.
A total of 17 PAHs (16 U.S. Environmental Protection Agency (EPA) priority PAHs and Benzo(e)pyrene) were analyzed in this study: naphthalene (Nap), acenaphthylene (Ace), acenaphthene (Act), fluorene (Flu), phenanthrene (Phe), anthracene (Ant), fluoranthene (Flt), pyrene (Py), chrysene (Chr), benz(a)anthracene (BaA), benzo(b)fluoranthene (BbF), benzo(k)fluoranthene (BkF), benzo(e)pyrene (BeP), benzo(a)pyrene (BaP), dibenzo(a,h)anthracene (DiBahA), indeno(1,2,3-cd)pyrene (INcdP) and benzo(g,h,i)perylene (BghiP). High purity PAHs standards (AccuStandard Inc., USA) were dissolved in dichloromethane (DCM) to give a stock concentration of 0.2 mg ml -1 . The standard solution of BeP (0.2 mg ml -1 stock solution) was prepared in a mixture of acetonitrile and n-hexane (1:1 ratio). HPLC grade DCM (99.5 %) and PCB grade n-hexane 1000 (Kanto Chemicals Co., Inc., Japan) were used.
PAHs extraction and analysis
The extraction method was adopted from Tham et al. (2008) , with slight modifications. Briefly, a quarter of each filter was cut into small pieces in a flask and then spiked with internal standard Phenanthrene-d 10 , after which 40 ml of DCM was added. PAHs were extracted from the filters by ultrasonication for 20 min two times. These filtered extracts were concentrated to 10 ml using a rotary evaporator in a water bath at 40∞C. Further concentration was carried out with a gentle flow of nitrogen gas. The extracts were then washed three times with nhexane, passed through a silica gel column, amended with a mixture of n-hexane and DCM and finally concentrated to 100 ml. The final volume of these concentrates was increased to 1 ml by the addition of fluoranthene-d 10 and n-hexane.
Samples were analyzed using a gas chromatographmass spectrometer (7890A/5957C, Agilent, USA) equipped with an HP-5MS capillary column (30 m ¥ 0.25 mm i.d. ¥ 0.25 mm film thickness; J&W, USA). For analysis, 1 ml aliquots of samples were injected in splitless mode by an autosampler. The qualification and quantification of PAHs was then performed in scan and selected ion-monitoring mode, respectively. The GC/MS program consisted of an initial GC oven temperature of 55∞C, which was then increased to 320∞C at 25∞C min -1 , where it was held for 4 min to elute all of the PAHs (retention time 4.9 to 13.5 min). Helium was used as the carrier gas.
For quality control, field and laboratory blanks were subjected to the same extraction and analysis as the samples. Phenantherene-d 10 was added to each sample prior to extraction as a surrogate to determine the efficiency of extraction and analysis. The mean recovery (triplicates) of phenantherene-d 10 was 95.2 ± 5.8%. In both field and laboratory blanks, the PAHs concentrations were found to be below the detection limit for all PAHs.
The SO 2 , NO 2 , photochemical oxidant (O x ), and CO concentrations in ambient air of Kamihaya for August and September 2012 were supplied by the Wakayama prefectural government, which monitored air quality according to the Japanese Industrial Standards (JIS) methods (Japanese Standards Association, 2014).
Trajectory analysis
Air mass trajectories were calculated using the National Oceanic and Atmospheric Administration (NOAA) Air Resource Laboratory's Hybrid Single-Particle Lagrangian Integrated Trajectory (HYSPLIT) model (Draxler et al., 2005) . For each sampling event, a 48-hour back-trajectory was computed for Kamihaya starting from 9:00 A.M. local time on a sampling day. The receptor height was set at 240 m a.s.l. Similarly, forward trajectories (24 h) were calculated at Gobo power generation plant (33∞86¢ N, 135∞15¢ E) at 200 m a.s.l. starting at 9:00 A.M. local time.
Principal component analysis
Principal component analysis (PCA) was carried out using the SPSS software to interpret the complex data set (Malik et al., 2010) . Variables with similar characteristics were grouped into components that each represented an emission source or combination of more than one emission source (Park et al., 2011) . Table 1 presents ). This seasonality effect of PAHs is well known (Fang et al., 2006; Kume et al., 2007; Kong et al., 2010) and related to PAH source/sink mechanisms in the atmosphere, which are greatly influenced by meteorological conditions (temperature, solar intensity, and wind speed and direction) under which they are released. The ambient air temperature affects the gas-particle partitioning of PAHs and governs the particulate PAHs concentrations in the atmosphere (Tham et al., 2007) . Low ambient temperature during winter may facilitate the adsorption of gaseous PAHs onto the surface of SPM (Kishida et al., 2011) . Similarly, winter temperature inversions prohibit the vertical circulation of air, resulting in PAHs remaining in the lower atmosphere. These findings indicate that the temporal changes in PAHs concentrations in SPM at our study site could be attributed to seasonal changes in ambient temperature.
RESULTS AND DISCUSSION
Pollution scenario and distribution of PAHs at Kamihaya
Four, five and six-ringed PAHs were dominant throughout this investigation in the aerosol samples relative to the three-ringed PAHs (Fig. 4) . The combined percentages of different ring PAHs for this investigation increased in the order of two-ring (1%), three-ring (11.2%), six-ring (11.7%), four-ring (30%), and five-ring (44%). The relative percentages of these PAHs groups were almost same, and no seasonal differences in percentages were reported. The tendency for low molecular weight PAHs to stay in gaseous form while high molecular weight (HMW) PAHs are mostly adsorbed to the particle phase may explain the dominance of HMW PAHs. These results are in good agreement with those of previous studies, in which higher concentrations!i\ five-and six-ringed PAHs attached to SPM were observed (Ohura et al., 2004; Tham et al., 2008) .
The particulate PAHs concentrations at Kamihaya were lower than those reported from urban, industrial and residential/suburban areas of Japan such as Tokyo (population 7.8 million), Sapporo (1.8 million), Kitakyushu (1 million), Fuji (240,000), Shimizu (230,000), and Kyotanabe (63,000) (Table 2 ). However, the average concentration of Â17PAH in Kamihaya was comparable to those reported at other suburban sites such as HigashiHiroshima, Hiroshima prefecture, Japan and Baltimore, MD, USA. Additionally, the particulate PAHs concentrations at Kamihaya were comparable to those reported at Gosan, a remote site in South Korea, but higher than those recorded at other rural/remote sites such as Fukue Island, Japan and Chesapeake Bay, USA (Table 2) . Although Kamihaya has clean air relative to many urban and suburban areas of Japan, the PAHs concentrations were a little high. There were no apparent pollution sources around our monitoring site, which suggests that most PAHs at this site may have been transported from the surrounding urban areas.
Air pollution can cause damage to vegetation, and combination of several pollutants can aggravate such effects (Oguntimehin et al., 2010b) . For example, low concentrations (10 mM) of Flt created adverse effects on red pine seedlings such as decreased needle gas exchange, chlorophyll content, photosynthesis, and foliar damage (Oguntimehin et al., 2008) . However, combination of Flt with other pollutants such as ozone (120 ppb) and pH 3 acid mist aggravated these effects (Oguntimehin and Sakugawa, 2009; Qguntimehin et al., 2013) . The amount of Flt applied to each pine seedling in their experiments was equivalent to a deposition rate of 116 mg m -3 d -1 on pine needles, which is about 40 times higher than the deposition rate of ambient level Flt (ca. 1 ng m -3 ) (Oguntimehin et al., 2013) . In other words, Flt can damage red pine trees if it exceeds 40 ng m -3 in ambient air. The Â17PAH average concentration of 3.2 ng m -3 (Fig.  3) represents only particulate PAHs at Kamihaya. Gaseous PAHs, ozone and acid mist were not determined for this study area. Assuming that other PAHs have similar toxicities as Flt, atmospheric PAHs of Kamihaya present a potential threat to the underlying vegetation and may cause damage to plants if combined with other air pollutants.
Estimation of PAHs emission sources based on molecular diagnostic ratios
In this study, characteristic molecular diagnostic ratios (MDRs) of PAHs were calculated and interpreted with caution owing to the potential for post-emission processes to affect the ratios. The mixture of emission sources, variations in combustion conditions, environmental degradation and meteorological conditions can cause substantial variability in the emission and degradation of individual compounds. Apart from these drawbacks, this investigation focused on particle bound PAHs and excluded gaseous PAHs. These limitations can potentially undermine the application of MDRs as reliable source apportionment tools (Katsoyiannis et al., 2011) . The search for PAH emission sources using MDRs was carried out by determining the ratios for each emission source occurring close to the study area (Tobiszewski and Namiesnik, 2012) . Several studies have used PAHs diagnostic ratios to identify their potential environmental sources (Khalili et al., 1995; Bourotte et al., 2005; Kume et al., 2007; Tham et al., 2007; Kishida et al., 2011; Lai et al., 2011) . In the present study, the PAHs emission sources were characterized by calculating the molecular ratios of BaA, Chr, BbF, BkF, BeP, BaP, INcdP, and BghiP. Table 3 presents the MDRs of different PAHs and their corresponding sources. The BaA/Chr ratio was 2.04, which indicates that fresh air mass and emission sources of environmental PAHs may be close to Kamihaya (Callén et al., 2011) and that the PAHs composition may not have undergone sufficient photodegradation (Kakimoto et al., 2002) . This ratio suggests that environmental PAHs may be related to coal/coke burning (Bianchi, 2007) and industrial plants (Kong et al., 2011) . The BaA/BaA + Chr ratio was 0.63, indicating that it originated from burning of wood and agricultural debris (Dhammapala et al., 2007; Kong et al., 2012) . The BbF/BkF ratio was 2.52 at Kamihaya, suggesting it is subject to the combined effects of industry (Callén et al., 2011) and automobiles (Ray et al., 2012) .
The ratio BaP/BeP was used to examine the stability of PAHs in the environment (Kishida et al., 2011) . The average BaP/BeP ratio (0.61) was lower than those at urban (1.55) and suburban (1.41) Osaka (108 Km north of Tanabe) (Kishida et al., 2011) . Osaka may have much higher PAHs emissions than Kamihaya, indicating that sources of PAHs from Osaka have a stronger influence on the study area than sources from the outskirts. However, BaP would have been lost during transportation from its sources to Kamihaya owing to photodegradation (Kishida et al., 2011) . The INcdP/BeP ratio (1.11) was relatively conservative, which implies the influence of heavy oil burning in the Gobo power plant (Ohura et al., 2004) . The mean ratio of INcdP/INcdP + BghiP is 0.45, which can be attributed to the combination of industrial and traffic sources (Kume et al., 2007) . The ratio of BghiP/ BeP (1.24) suggests mixed sources of PAHs emission that could originate from traffic and industrial processes (Rehwagen et al., 2005) . The BaP/BghiP ratio of 0.58 indicates automobile pollution (Callén et al., 2011) was further confirmed by the INcdP/BghiP ratio of 0.87 (Herlekar et al., 2012) .
Trajectory analysis
Back-trajectories were run to identify possible origins of air parcels found at our sampling site (Figs. 5a-d ). These trajectories (Table S1 ) were classified into three groups: (1) those originating from the Pacific Ocean and Sea of Japan (PO + SJ) (Figs. 5a and b); (2) domestic parcels originating within Japan (D) (Fig. 5c) ; and (3) -3, 16-17, 22-23, and 29-30 August 2012, respectively) ; (b) Sea of Japan (27 is 13-14 February 2013 and 33 is 26-27 March 2013); (c) Domestic (8 = 19-20 September 2012 , 10 = 3-4 October 2012 , and 30 = 6-7 March 2013 and (d) Intercontinental (14 is 1 November to 31 October 2012, 21 and 28 represent 2-3 January and 22-23 February 2013 intercontinental parcels from China, North Korea, South Korea, Mongolia and Russia (I) (Fig. 5d ). All back-trajectories in August and the first 2 weeks of September 2012 showed that air originated from the PO source and traveled from south to north. The lower PAHs concentrations during this period were likely due to the comparatively clean PO air. However, some back-trajectories originating from SJ + PO had comparatively higher PAHs values, which may indicate that pollutants were collected and carried while traveling within Japan. These comparatively high PAHs concentrations indicate domestic pollution sources. The back-trajectory on 19-20 September passing over the Gobo power plant showed the highest concentrations of Â17PAH, which may have been influenced by the power generation plant. A forward trajectory on 19 September from a power plant to our monitoring site (Fig.  5e ) may have transported PAHs loaded particles. This power plant burns heavy oil as fuel and is an important pollution source in the area. The higher daily concentrations of SO 2 (1.33 ppb), CO (0.29 ppm), and NO 2 (2.88 ppb) on September 19-22 at Kamihaya relative to other daily values during August and September indicate the effects of the Gobo power generation plant (Figs. 6a-c) .
The O x concentration was higher on September 19-30, reflecting the occurrence of a photochemical smog episode (Fig. 6d) . The high concentrations of the aforementioned compounds during the period when air was traveling from the power plant to our monitoring site demonstrate the influence of the power plant.
Most of the back-trajectories from autumn 2012 and March 2013 revealed domestic influence of atmospheric PAHs. During winter, almost all trajectories were of intercontinental origin and most likely carried particulate PAHs to Kamihaya (Yang et al., 2007) . Higher PAHs values were reported on January 2, 3, 16 and 17, February 22 and 23 and March 6 and 7, 2013 . The trajectories for all of these dates except for March 6 and 7 have been traced back to China and South Korea. On March 6 and 7, the PAHs back-trajectory showed domestic influence, passing over the Gobo power plant. The forward trajectories on February 22 (Fig. 5f ) and March 6 (trajectory not shown) showed that PAHs pollution on these dates originated from the nearby power plant. Based on backtrajectories, some PAHs were likely transported from China and South Korea, especially during winter. However, the influence of domestic PAHs emission sources was likely stronger than those from outside of Japan.
Principal component analysis
In addition to using diagnostic ratios, PCA was applied to provide qualitative information regarding these emission sources. Only components with correlation matrix eigenvalues higher than 0.7 were retained ( study, we identified three components that accounted for 88.05% of the data variability. Component 1 explained 58.91% of the total variance and was heavily loaded with 10 PAHs having four to six rings, including Flt, Py, Chr, BaA, BbF, BkF, BeP, BaP, INcdP, and DiBahA. Moderate ringed PAHs such as Flt, Py, Chr and BaA are mainly emitted from fossil fuel burning, and portions of these compounds are associated with combustion process such as coal burning (Lee et al., 2006; Kong et al., 2010; Wang et al., 2010) . High molecular weight PAHs such as BbF, BkF, BeP, BaP, INcdP, and DiBahA are all indicators of vehicular emissions, with BbF and BkF being associated with diesel powered vehicles and BaP, INcdP, and DiBahA with gasoline burning in automobiles (Zhu et al., 2009; Kong et al., 2010) . Therefore, component 1 corresponded to more than one emission source (vehicular emission and fossil fuel burning in industry). As vehicular and industrial emissions are grouped together, it is possible that these sources have the same transportation mechanism. These findings further suggest that the PAHs loaded on factor 1 originated outside of our study area, as none of the abovementioned activities are prevalent in the study area.
Three-ringed PAHs were highly loaded in component 2, which explains 24.57% of the total variability. Loaded PAHs include Ace, Act, Flu, and Ant. These PAHs are fingerprints of wood combustion (Khalili et al., 1995; Zhu et al., 2009) , hence component 2 was treated as an emission source from biomass combustion. Wood burning for heating and agricultural waste burning has been reported from the study area, which indicates that PAHs on component 2 mainly originated from the study area.
Component 3 showed a high loading of BghiP, accounting for 4.56% of the total variance. BghiP is related to traffic emissions (Ravindra et al., 2006a) , but component 3 did not show significant loading on other tracers of vehicular emission, which are mostly loaded on factor 1. However, we found moderate loading (0.436) of BghiP on factor 1, which indicated that some of the BghiP in the study area originated from traffic related activities. Accordingly, it is difficult to explain the results of component 3.
CONCLUSION
The results revealed that particulate PAHs concentrations in the atmosphere of Kamihaya were relatively low (ng m -3 ) when compared with other Japanese cities and the average atmospheric PAHs concentration of Japan. However, PAHs present in the air of Kamihaya have the potential to cause large scale damage to vegetation if the levels of other air pollutants increase; hence, there is a need for further studies to enable effective management and protection of vegetation. Among the investigated PAHs, BbF was the most abundant (17% of total PAHs) in air particulate samples from Kamihaya. Overall, significant seasonal variation in PAHs concentrations were observed, with higher values in winter/spring and lower values in summer/autumn.
Trajectory analysis assumed that PAHs in Kamihaya were mostly from the domestic sources. In some cases, comparatively high PAHs concentrations (10.16 ng m -3 ) were recorded when air was traveling from a nearby power plant to Kamihaya. The Kansai region may have a direct impact on PAHs pollution at Kamihaya. The diagnostic ratios and PCA suggested that industrial fossil fuel burning and traffic emissions were major sources of PAHs, while wood burning was a minor source.
